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Long-range guided wave testing (GWT) is used routinely for the monitoring and detection
of corrosion defects in above ground pipelines. The GWT test range in buried, coated
pipelines is greatly reduced compared to above ground conﬁgurations due to energy
leakage into the embedding soil. In this paper, the effect of pipe coatings on the guided
lines. The attenuation of the T(0,1) and L(0,2) guided wave modes is measured using a full-
scale experimental apparatus in a fusion-bonded epoxy (FBE)-coated 8 in. pipe, buried in
loose and compacted sand. Tests are performed over a frequency range typically used in
GWT of 10–35 kHz and compared with model predictions. It is shown that the application
of a low impedance coating between the FBE layer and the sand effectively decouples the
inﬂuence of the sand on the ultrasound leakage from the buried pipe. Ultrasonic isolation
of a buried pipe is demonstrated by coating the pipe with a Polyethylene (PE)-foam layer
that has a smaller impedance than both the pipe and sand, and has the ability to with-
stand the overburden load from the sand. The measured attenuation in the buried PE-
foam-FBE-coated pipe is found to be substantially reduced, in the range of 0.3–1.2 dB m1
for loose and compacted sand conditions, compared to measured attenuation of 1.7–
4.7 dB m1 in the buried FBE-coated pipe without the PE-foam. The acoustic properties of
the PE-foam are measured independently using ultrasonic interferometry and incorpo-
rated into model predictions of guided wave propagation in buried coated pipe. Good
agreement is found between the experimental measurements and model predictions. The
attenuation exhibits periodic peaks in the frequency domain corresponding to the
through-thickness resonance frequencies of the coating layer. The large reduction in
guided wave attenuation for PE-coated pipes would lead to greatly increased GWT test
ranges; such coatings would be attractive for new pipeline installations.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
The abundance of pipelines worldwide requires the use of inspection technologies to facilitate integrity management for early
detection of corrosion and possible leakage locations. Elastic wave propagation along cylindrical shells has received compre-
hensive treatment in the literature, e.g. [1–5] and has been utilised successfully in non-destructive evaluation for the inspection
of pipelines [6–11]. The long-range guided wave testing (GWT) method has been routinely used for over a decade in the pet-
rochemical, energy and nuclear industries [12–15]. GWT offers rapid screening of pipework for the detection and monitoring of
corrosion defects from a single transducer position. The method typically employs torsional (T(0,1)) or longitudinal (L(0,2)) waveier Ltd. This is an open access article under the CC BY license
v).
E. Leinov et al. / Journal of Sound and Vibration 363 (2016) 225–239226modes in frequencies below 100 kHz. Waves are excited and received either using a transducer ring comprising an array of dry-
coupled piezoelectric elements equally spaced around the circumference of the pipe [10,16–20] or magnetostrictive sensors, e.g.
[21,22]. The method is commonly applied to bare- or thinly epoxy-painted pipes in above-ground conﬁgurations, where a single
transducer ring location provides coverage of several tens of metres, e.g. [12]. However, for pipes buried in soil test ranges are
drastically reduced [15,23]. Typically for modern pipeline engineering practices, coating materials, e.g. fusion-bonded epoxy
(FBE), coal-tar-enamel and high-density polyethylene (HDPE), are either factory- or ﬁeld-applied to pipes that are buried in the
ground in order to provide insulation from harsh environments and protection from corrosion. The guided wave attenuation in
coated or embedded waveguides is due to leakage of energy radiating out into the embedding material, and damping by energy-
absorbing materials of the waveguide system, resulting in a severe reduction of the test range. The extent of leakage depends on
the material properties of both the pipe and the embedding material. For structures coated with materials having internal
damping, e.g. bitumen, the attenuation is also related to the fraction of energy in the mode of interest that is carried in the
coating layer and generally increases with frequency.
Wave propagation in multi-layered systems has been described in the literature in the context of geophysics and acoustics e.g.
[24–26]. Matrix techniques (e.g. [27] and references therein) have been used for embedded and coated waveguides to yield
dispersion curves and through-thickness wave mode-shapes for certain regular geometries, i.e. ﬂat plate and cylindrical struc-
tures. These were used to evaluate the guided wave mode properties, including attenuation and sensitivity to target defect
morphologies [27,28]. Leaky cylindrical waveguides embedded in inﬁnite media were studied in several conﬁgurations,
including steel bars embedded in cement grout [29], rock bolts embedded in rock strata [30], reinforcing bars and anchor bolts
embedded in concrete [31], steel bars embedded in soil [32], and wires in epoxy resin [33,34]. Wave propagation in attenuative
viscoelastic materials was treated rigorously for plastic plates [35,36], elastic plates coated with viscoelastic materials [37–39],
and elastic hollow cylinders coated with viscoelastic material externally [40] and internally [41]. Finite-element modeling and
semi-analytical ﬁnite-element formulations were utilised to address coated pipes [42–45] and coated pipes buried in soil [46,47],
as well as the general case of arbitrary section waveguides embedded in solid media [48]. Only limited measurements of the
torsional guided wave attenuation in buried pipes have ever been reported in the literature [49]. Recently, Leinov et al. [23,50]
studied systematically guided wave propagation in a bare steel pipe buried in sand under a variety of experimental conditions
and examined the nature of the attenuation of the modes, which is primarily due to leakage of energy.
Buried pipelines are currently accessed for GWT by digging a pit to expose the pipe at the location where a transducer
ring is to be attached (Fig. 1). A very large fraction of the costs involved in GWT of such buried-pipe systems is in gaining
access to attach the transducer ring and re-covering the pipeline after the inspection. Hence, maximizing the distance over
which the guided waves can propagate and defects can be detected from a single access location is essential and has
substantial economic implications.
In the present study, we investigate guided wave propagation in buried FBE-coated pipe using a full-scale experimental
apparatus and model simulations. Measurements of torsional and longitudinal guided wave mode attenuation are compared
to an earlier investigation performed by the authors on bare pipe buried in sand [23]. We aim to investigate the effect of the
pipe coating on the guided wave attenuation and to determine whether a pipe coating can be used to increase the test range
in buried pipelines. Ultrasonic isolation of a buried pipe is demonstrated by utilising a low impedance coating material
which effectively decouples the inﬂuence of the sand on the ultrasound leakage from the buried pipe. The acousticFig. 1. Schematic of a coated pipe buried in soil. An access pit is excavated in order to perform guided wave inspection, where a guided wave transducer
ring is attached to the pipe.
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attenuation behaviour is examined, providing understanding of the phenomena of generic value to cases of coated or
embedded multilayer waveguides.
This paper is organised as follows. The theoretical model of guided wave propagation in embedded and coated cylindrical
shells is discussed in Section 2.1 and the acoustic properties of soils are reviewed in Section 2.2. The experimental apparatus
and measurement method are described in Section 3. The experimental and model results are reported and discussed in
Section 4 and the conclusion are provided in Section 5.2. Background
2.1. Guided wave modelling
The propagation of a stress wave in an isotropic elastic medium is governed by Navier’s equation of motion:
μ∇2uþ λþμ ∇ ∇∙uð Þ ¼ ρ∂2u
∂t2
(1)
where u is the displacement vector ﬁeld, λ and μ are the Lamé constants for the material, and ρ the density. Using
Helmholtz’s decomposition the displacement vector in Eq. (1) is replaced by a combination of the gradient of a scalar
potential ﬁeld, ϕ, and the curl of a vector potential ﬁeld, ψ:
u¼∇ϕþ∇ψ (2)
Substituting Eq. (2) into Eq. (1), along with ∇∙ψ ¼ 0, yields the standard wave equations describing longitudinal and
shear propagation, respectively:
c2L∇
2ϕ¼ ∂
2ϕ
∂t2
(3)
c2S∇
2ψ ¼ ∂
2ψ
∂t2
(4)
where CL ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
λþ2μð Þ
ρ
r
and CS ¼
ﬃﬃ
μ
ρ
q
are the longitudinal and shear velocities. The solutions of Eqs. (3) and (4) along with relevant
boundary conditions represent all elastic wave modes propagating in a structure. Considering an inﬁnitely long homogeneous
hollow cylinder with its axis along the z-coordinate of a cylindrical system r;θ; z
 
and assuming harmonic wave propagation, it
follows that Bessel functions of the ﬁrst and second kind have to be introduced into the scalar potential and into the three
components of the vector potential in order to satisfy Eqs. (3) and (4). The components of the displacement ﬁeld are then obtained
in terms of the potentials from Eq. (2). Boundary conditions of zero traction need to be satisﬁed on both the external and inner
surfaces of the hollow cylinder. Thus, there are three equations for each of the stress components τrr; τrθ; τrz
 
expressing the
boundary conditions on each of the two free surfaces, resulting in six unknown constants in total. Setting the determinant of these
six equations to zero yields the dispersion relationwhich can only be solved using numerical techniques (see [1–2,11,27,40,51–52]).
Three classes of propagating wave modes are recognised in the solutions, namely, longitudinal axially symmetric, torsional axially
symmetric and ﬂexural non-axially symmetric e.g. [7].
A system comprising a hollow cylindrical waveguide coated with a ﬁnite number of cylindrical layers can be analysed
using the same formalism of Eqs. (1)–(4), considering different acoustic properties for each layer and additional boundary
conditions to include the additional boundary surfaces. For an inﬁnite embedding medium, the exterior surface of the
waveguide is no longer a free surface and the boundary conditions change to allow radiating waves from the waveguide out
into the embedding material. The leakage of energy from the waveguide results in attenuation of the guided wave modes.
The acoustic properties of the coating and embedding layers dictate the attenuation regime. For a pipe embedded in an
elastic medium having a lower acoustic impedance the attenuation is governed only by leakage of energy. However, for
attenuative viscoelastic materials, e.g. coal-tar-enamel [49], HDPE [35] and bitumen [36,40,42–46], dissipation of energy
also occurs due to internal losses. The hysteretic nature of damping is taken into account under linear viscoelasticity
assumption by modifying the Lamé constants into the following operators:
λ-λþ
~λ
ω
∂
∂t
; μ-μþ ~μ
ω
∂
∂t
(5)
where ~λ and ~μ represent the viscoelastic material constants and ω the frequency. The equation of motion (Eq. (1)) is
modiﬁed accordingly, resulting in deﬁnition of velocities which include complex parts:
C
0
L ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
λþ2μ i ~λþ2 ~μ
 
ρ
vuut
; C
0
S ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
μ i ~μ
ρ
s
(6)
E. Leinov et al. / Journal of Sound and Vibration 363 (2016) 225–239228The real parts of C 0L and C
0
S are the longitudinal and shear velocities for a material without damping. The bulk wave phase
velocities are obtained from:
CL;S ¼
ω
Re kð Þj
 (7)
The formal solutions of the resulting wave equations are identical to those of the elastic case (Eq. (2)), except the harmonic
wave formulation has to involve a complex wavenumber vector, k¼ kReþ ikIm. Waves propagate in the direction of the real
wavenumber vector kRe, and the attenuation with propagation distance is described by the imaginary wavenumber kIm. The
angle between the relative orientation of the real and imaginary wavenumber vectors dictates the attenuation regime. The
acoustic properties of a viscoelastic material are deﬁned by considering a case where the real and the imaginary parts of k are
parallel. The frequency dependent complex velocities are related to the acoustic properties according to [27,36]:
C0L;S ¼
CL;S
1þ iαL;S2π
(8)
where αL;S are the bulk attenuation in nepers per wavelength and corresponds to the ratio of the imaginary wavenumber to the
real wavenumber moduli. The attenuation per wavelength is considered constant for all frequencies, and therefore the
attenuation per unit distance increases linearly with frequency [27]. For an elastic coating material kIm is normal to kRe and
leakage occurs when the phase velocity in the inner cylindrical shell is larger than that in the coating layer. When the phase
velocity in the coating layer is larger than that in the inner cylindrical shell the guided wave becomes non-leaky.
The guided wave attenuation exhibits periodic peaks and troughs in the frequency domain which are related to the
through-thickness resonance frequencies of the viscoelastic layer [37,38]. In turn, the shear cutoff frequencies of interest in
this study depend on the thickness and bulk shear velocity of the coating layer and can be approximated as [41]:
f res;nﬃ
CS
4h
2n1ð Þ;n¼ 1;2;… (9)
where h is the thickness of the coating layer.
In this study, we investigate wave propagation in a coated pipe embedded in sand. In particular, we are interested in the
zero-order torsional (T(0,1)) and longitudinal (L(0,2)) modes. The displacement ﬁeld associated with these axially symmetric
modes propagating along the axial direction in the embedded-coated-pipe system are analysed using the formalism of Eqs.
(1)–(8), considering different material properties of each of the layers and modifying the boundary conditions. Speciﬁcally,
continuity of displacements and stresses is imposed at the interfaces between the pipe and the coating and between the
coating and the soil. The resulting characteristic dispersion relation is solved using the Disperse modelling software [27,28].
The Disperse software was used to predict the attenuation as a function of frequency for different sand and coating
acoustic properties to match the conditions covered in this study. Fig. 2 presents an example of dispersion curves of the
zero-order modes for a Schedule-40, 8 in. pipe with and without FBE-coating embedded in soil with representative acoustic
properties. The group velocities are presented in Fig. 2a and the corresponding attenuation of the modes is presented in
Fig. 2b. The T(0,1) mode is non-dispersive for all frequencies, while the L(0,2) mode is essentially non-dispersive over the
20–100 kHz range. The attenuation values of the modes in the coated-embedded-pipe are slightly higher than the bare-
embedded pipe for low frequencies and increase with frequency. The attenuation values depend on the bulk velocities of the
embedding medium and will vary for different acoustic properties of the soil.10 200
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Fig. 2. Dispersion curves of the zero-order guided wave modes of interest in this study: (a) group velocity, and (b) attenuation. Solid lines: 8” carbon steel
pipe (Schedule 40, 9 mm wall thickness, ρSteel¼7932 kgm3; CL,Steel¼5960 ms1; CS,Steel¼3260 ms1), coated with fusion-bonded epoxy (0.3 mm
thickness, ρFBE¼1170 kgm3; CL,FBE¼2610 ms1; CS,FBE¼1100 ms1) and embedded in sand (ρSand¼1620 kgm3; CL,Sand¼500 ms1; CS,Sand¼120 ms1);
and dashed lines: 8” carbon steel pipe without coating embedded in sand (properties of the pipe and sand are identical to properties in coated case).
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The acoustic properties of the embedding soil dictate the amount of energy leakage from the wave modes guided along
the pipe, and hence have a major role in the guided wave inspection range obtained in practice. Wave velocities and
attenuation depend on the wave parameters, e.g. frequency, wavelength and mode of propagation, and on the material
acoustic parameters. The acoustic parameters are linked to a range of geophysical properties, e.g. grain density and diameter,
porosity, degree of saturation, skeleton stiffness and bulk and shear moduli. Materials with internal spatial scales such as
soils, i.e. consisting of grains, clusters and layers, are inherently dispersive [53]. Hence, bulk velocities in porous and par-
ticulate media are generally reported in the literature for low frequency applications within the framework of exploration
seismology, earthquake engineering and structural stability. Measurement techniques and measured values of velocity and
attenuation in shallow near surface unconsolidated soils reported in the literature were recently reviewed and summarised
in a preceding paper [23] and references therein. Leinov et al. [23] extracted the shear velocity of sand for a range of
conditions from full-scale GWT experiments on a buried bare pipe.
The model used in this study treats the embedding sand as an elastic solid. The Biot theory [54–56] predicts the pro-
pagation of two compressional (dilatation) waves and a shear (rotational) wave in a ﬂuid-saturated porous medium.
However, in the inﬁnite frame-rigidity limit of the Biot theory, the pore ﬂuid viscosity is negligible and the two com-
pressional waves become decoupled. The rigid-frame limit was found to be appropriate to the study of acoustic wave
propagation within air-ﬁlled natural rock samples e.g. [57] as well as granular media such as sand e.g. [58]. At the low strains
common to guided wave propagation, frictional loss, arising from inter-particle displacement and leading to slippage in the
sand, is not expected to be signiﬁcant.3. Guided wave tests setup
A full-scale laboratory apparatus was used to allow well-controlled experimental conditions for the measurement of
ultrasound attenuation in the coated-pipe buried in sand. A detailed description of the full-scale apparatus was provided in
a preceding paper [23]. Here we provide a short description of the signiﬁcant features and the experimental set-up, followed
by a description of the measurement technique.3.1. Full-scale experiments
The buried coated-pipe experimental apparatus consisted of a 6-meter long, 8 in. carbon steel pipe (schedule-40, 9 mm
wall thickness), FBE-coated (Resicoat R4 AkzoNoble, 0.25 mm nominal thickness) embedded for 3-m of its length in a
rectangular container of 0.76 m0.76 m inner cross-section (Fig. 3a,b). The container was constructed from 40 mm-thick
plywood plates, reinforced with a system of inter-connected rectangular section steel beams to support the load from the
sand and was ﬁtted with a tank-liner to contain the embedding sand. The pipe was ﬁtted to the container at the entry and
exit positions through circular openings in the corresponding wooden faces of the container, forming a 20 mm gap around
the pipe from the opening edge, in order to allow the pipe to settle in the sand without making contact with the openings in
the wooden faces. A rectangular inﬂatable air-bladder (3 m0.76 m0.1 m, Polyurethane fabric) was ﬁtted between the
sand surface and the container covering plate in order to allow the application of different overburden pressure loads on the
sand corresponding to different depth conditions. The air-bladder was connected in-line with an air compressor, needle
valve regulator and air pressure gauge. Fig. 3c presents a photograph of the operating apparatus. Well-graded, dry clean
sand (sand grain density of 2600 kg m3) was used as the embedding medium. This type of sand is used as a structural
backﬁll material and complies with standardised practices for pipeline installation. The particle size distribution of the sand
was determined using a laboratory sieving test (see [23]).
Ultrasonic guided waves were generated in the pipe using commercial transducer rings (Guided Ultrasonics Ltd.) and
signals were transmitted and collected using the Wavemaker G4 instrument (Guided Ultrasonics Ltd.). The transducer ring
consists of dry-coupled piezoelectric transducer elements which are clamped to the pipe surface using an air-inﬂatable
sleeve. Two independent transducer rings were attached in turn along the exposed length of the pipe for the torsional
(T(0,1)) and longitudinal (L(0,2)) modes.
Guided wave attenuation was measured in two different sets of sand conditions: loose and compacted. The loose sand
case was formed by pouring dry loose sand from bulk bags to backﬁll the container up to a height of 0.76 m (Fig. 3b) and the
compacted sand case was obtained by application of overburden pressure up to 1 bar on the sand, an equivalent to ca. 6 m
depth of dry sand with uniform density. The sand bulk densities associated with the cases are presented in Table 1. The bulk
densities were determined from measurement of the net weight of sand used to ﬁll the container and the volume it
occupied in the container. A detailed description of the set-up procedures of the loose and compacted sand conditions is
provided in [23], where similar conditions were undertaken to investigate buried bare pipe.
3m
6m
Guided wave
transducer ring
Inflatable
air-bladder
Air pressure 
transducer
Sand
FBE-coated pipe
Top coverContainer
0.
76
m
0.76m
9mm
0.203m
FBE-coated
 pipe
Support post
Data 
acquisition
Transducer
ring
Support
beam Container
G4-Wavemaker
Sand
PE-foam
coating
Cable ties
Fig. 3. Full-scale experimental apparatus: (a) Side view drawing, (b) front view drawing, (c) photograph of the operating apparatus with the FBE-coated
pipe embedded in sand in the container, the transducer ring attached to the pipe and the data acquisition system, (d) photograph of the FBE-coated pipe
with additional layer of PE-foam coating being embedded in sand; sand is poured from a bulk bag.
Table 1
Material properties and thickness dimensions used in Disperse simulations.
Material Thickness mm Density kgm3 CS ms1 CL ms1
Steel 9 7932 3260 5960
Fusion-Bonded Epoxy 0.3 1200 1100 2610
Sand (loose)a 1 1485 93 400
Sand (compacted)a 1 1635 131 800
PE-Foam 19 85 313 500
Sand (loose)b 1 1475 93 400
Sand (compacted)b 1 1630 131 800
a In buried FBE-coated pipe case.
b In buried FBE- PE-foam-coated pipe case.
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The L(0,2) and T(0,1) guided wave modes were excited and recorded in separate independent tests for each experimental
condition using two different transducer rings. The transducer rings were attached near the entrance to the container.
Received raw signals obtained from the transducer rings were applied with a Hilbert envelope in order to determine the
amplitudes of the reﬂections peaks; signals were converted to the frequency domain via Fourier transform. Two different
central frequencies, 16.5 kHz and 23.5 kHz, were used for each mode to allow overlap of the frequencies in the range covered.
The attenuation characteristic was obtained from the ratio of the signal amplitudes measured from the pipe end
reﬂections:
α¼ 
20log10 A1

A0
 
2L
(10)
where L is the length of the pipe embedded in sand, A0 is the reference reﬂection amplitude and A1 is the measurement
amplitude. The reference reﬂection signal is received echo from the free end and the measurement signal is received echo
from the pipe-end beyond the buried section. The attenuation of both modes in air was found to be less than 0.1 dB m1 in
reference tests; hence the attenuation of the modes in the pipe section exposed to air is considered to be negligible.
To interpret the data, a series of dispersion curves were produced for a coated steel pipe embedded in an inﬁnite layer of
sand with a variety of possible values of acoustic parameters using the Disperse modelling software [27,28]. The acoustic
properties of the sand were extracted from the best ﬁt to the experiments. The use of two different modes for each
experimental condition provides a veriﬁcation of the model predictions with a high degree of conﬁdence.
4. Results
4.1. Buried FBE-coated pipe
Results obtained from typical guided wave tests are shown in Fig. 4a,b for the FBE-coated pipe buried in loose sand and in
compacted sand (overburden pressure of 1 bar applied), respectively. The mode of excitation was T(0,1) at a central−10 −5 0 5 10
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Fig. 4. Typical experimental results from the coated buried pipe tests: amplitudes (in arbitrary units) as a function of distance from the transducer ring,
located adjacent to the container entrance, using T(0,1) mode at central frequency of 23.5 kHz. FBE-coated pipe in (a) loose sand, and (b) compacted sand
(1 bar applied pressure); and FBE-coated pipe (same as used in (a-b)) with PE-foam coating layer in (c) loose sand, and (d) compacted sand (1 bar applied
pressure). Grey shaded area represents the near ﬁeld.
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E. Leinov et al. / Journal of Sound and Vibration 363 (2016) 225–239 233frequency of 23.5 kHz. The results are displayed as the amplitude of the Hilbert envelope of the recorded signal on a
logarithmic scale as a function of distance from the transducer ring position. Reﬂections from both pipe-end locations are
clearly evident, with the reﬂection from the free end of the pipe to the left of the transducer ring location and the reﬂection
from the pipe end past the embedded section to the right of the transducer ring location. The attenuation is inferred from
the amplitudes of these reﬂections using Eq. (10). Two reverberations from the two pipe ends are also evident in the loose
sand case (Fig. 4a). The increase in the attenuation of the signal is noticeable in the compacted sand case (Fig. 4b), where the
reﬂection from the embedded pipe-end is much smaller than its counterpart in the loose sand case and the reverberation
from the pipe end past the embedded part cannot be distinguished from the noise ﬂoor.
Fig. 5 presents the attenuation measurements of the T(0,1) and L(0,2) modes as a function of frequency in the FBE-coated
pipe for the loose sand (no applied pressure) and compacted sand (1 bar applied pressure) cases. The measured attenuation
in a particular sand condition at a particular frequency is the average of the values obtained from at least two different tests
performed at these conditions and from different excitation central frequencies; error bars represent the variation between
measurements at a certain frequency. The Disperse software was used to predict the attenuation as a function of frequency
for a variety of sand acoustic velocities and the estimated density values (Table 1). Fig. 5 presents the simulation best ﬁts to
the measured attenuation in each mode for both sand cases. Also presented are measurements and simulation ﬁts reported
in Leinov et al. [23] for bare steel pipe embedded in similar conditions. The best ﬁt curve is determined from the simul-
taneous ﬁt to both the torsional and longitudinal modes measured attenuation. Initially, the lower and higher attenuation
values of the torsional mode (Fig. 5a and c) are ﬁtted to ﬁnd the range of shear velocity values, then a single value of shear
velocity within this range is found to match the longitudinal mode measured attenuation (Fig. 5b and d).
The extracted best ﬁt values of the shear velocity are 93 m s1 and 131 m s1 for the loose and compacted sand cases,
respectively. The measured attenuation and the resulting shear velocity values are similar to values obtained for bare pipe
tests under similar loose and compacted sand conditions [23], albeit the values in the FBE-coated pipe cases are slightly
higher. However, the sand density values for the FBE-coated pipe cases (Table 1) were higher than those reported in [23] for
both loose and compacted sand. The difference in sand density, resulting from variation in sand packing between experi-
ments, was 2 percent in the loose sand case and less than 1 percent in the compacted sand case. Hence, the FBE-coating
does not cause a large increase in the guided wave attenuation in buried pipes for the range of frequencies used.
The compaction of the sand signiﬁcantly increases the attenuation of both modes. The attenuation of the torsional mode
is larger than the attenuation of the longitudinal mode for both loose and compacted sand cases. These trends are similar to
those found in [23].
4.2. Ultrasonic isolation of buried pipe
The density and shear velocity of the coating layer and the embedding sand dictate the attenuation of the guided wave
modes. The impedance of the embedding sand promotes guided wave energy leakage and results in high attenuation values.
It is possible to achieve ultrasonic isolation of a buried pipe by introducing a coating layer of smaller impedance than both
pipe and sand. Fig. 6 presents the effect of the coating impedance on the attenuation of the T(0,1) mode for a coated-pipe
buried in compacted sand. The attenuation is presented as a function of the non-dimensional frequency,
f 0 ¼ f Ud
CS;Coat:
(11)
where f is the frequency, d is the coating-layer thickness and CS;Coat: is the shear velocity in the coating layer. When the
impedance of the coating layer equals the impedance of the sand, the attenuation of the torsional mode is non-dispersive,
yielding a constant attenuation value. As the impedance of the coating layer decreases from that of the sand impedance, the
torsional mode attenuation decreases with a minimum when the coating layer thickness is a quarter wavelength; as the
impedance of the coating layer increases from that of the sand, the attenuation increases with a maximum at the same layer
thickness. The minimum and maximum values are a function of the shear velocity of the coating layer; the absolute fre-
quency at which these values are obtained is determined by the actual coating layer thickness since it always occurs at a
non-dimensional frequency of 0.25.
Ultrasonic isolation of the buried FBE-coated pipe was realised experimentally by the application of a Polyethylene (PE)-
foam layer (85 kg m3, 19 mm thickness, Plastazote HD80, Zotefoams) around the buried section of the pipe. PE-foam was
selected due to its low density and its rigidity, allowing it to withstand the load experienced by the sand backﬁll and applied
overburden pressure. The PE-foam was applied to the pipe with an epoxy spray adhesive (HS-300, Ambersil) and was
secured with a set of cable-ties (Fig. 3d).
A set of guided wave measurements was performed on the FBE-PE-foam-coated pipe in air, supported by wooden
mounts, using both T(0,1) and L(0,2) modes. Fig. 7 presents the guided wave mode attenuation as a function of frequency,
compared with reference tests performed on bare and FBE-coated pipes in air. The attenuation of both modes in the bare
and FBE-coated pipes was found to be less than 0.1 dB m1 and is considered negligible. The attenuation in the FBE-PE-
foam-coated pipe exhibits larger values for both modes.
The acoustic properties of the PE-foam coating were estimated using an ultrasonic interferometry technique. Simonetti
and Cawley [59] have developed a technique for the measurement of the shear properties of viscoelastic materials, enabling
measurements to be performed on highly attenuating materials and at low frequencies. The technique is based on
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through a cylindrical sample of the viscoelastic material clamped between two cylindrical steel rods (Fig. 8a). The mea-
surement of signals is performed by two pairs of piezoelectric transducers placed at the free ends of the rod–specimen–rod
system. Tests were performed using 5 mm-dia. steel rods and ultrasonic signal excitation at 90 kHz central frequency on
several cylindrical specimens of PE-foam, 5 mm-dia. and different lengths in the range of 2–32 mm. Initially, calibration
procedures included measurement of a reference pulse-echo response of one of the steel rods, without a specimen in place.
Subsequently, a specimen was positioned between the two rods under axial compressional loading and measurements of
pulse-echo and pitch-catch in the rod–specimen–rod system were performed. The transmission and reﬂection coefﬁcient
spectra exhibit maxima and minima which occur approximately at the resonance frequencies of the free viscoelastic
cylinder. Therefore, the shear velocity can be obtained by measuring the frequency interval between two consecutive
maxima or minima. The shear velocity and shear damping are derived by best ﬁtting the analytical expression of the
reﬂection and transmission coefﬁcients [59] to the experimental spectra.
It was found that signal transmission was only measurable in specimens shorter than 2.5 mm, demonstrating that the
PE-foam is highly attenuative. Fig. 8b–d presents the raw measurement signals of reﬂection and transmission. Fig. 8b shows
the ﬁrst reﬂected echo from the free end of a steel rod and Fig. 8c shows the reﬂected echo from the same rod when a
2.5 mm long PE-foam specimen is clamped between the two rods. Fig. 8b and c are very similar, indicating that the
reﬂection coefﬁcient is very little affected by the presence of the PE-foam. The signal transmitted through the second rod is
shown in Fig. 8d. The measured transmission coefﬁcient, obtained from the measured transmission through the PE-foam
and the air-reference reﬂection signals, and the calculated best ﬁt are presented in Fig. 8e. The best ﬁt was obtained by a
least-squares procedure on the analytical expression of the transmission coefﬁcient (Eq. (7) in [59]), yielding values of
312 m s1 for the shear velocity and 0.48 Np wavelength1 for the shear attenuation. For comparison, reported values of
shear attenuation in HDPE are 0.29 (710%) Np wavelength1 e.g. [35]; the porous nature of the PE-foam medium is
expected to increase the attenuation compared with the HDPE.
4.3. Buried FBE-PE-foam-coated pipe
Next, tests were performed on the FBE-PE-foam-coated pipe buried in sand in the full-scale apparatus (Fig. 3d). Typical
guided wave tests, using the T(0,1) mode at a central frequency of 23.5 kHz, for loose and compacted sand conditions are
presented in Fig. 4c,d, respectively. Reﬂections from both pipe-end locations are clearly evident. The amplitude of the pipe-
end reﬂection past the embedded section, appearing as the ﬁrst reﬂection to the right of the ring position, is larger in the
FBE-PE-foam-coated pipe compared with the FBE-coated pipe for both the loose sand (Fig. 4c,a) and compacted sand
(Fig. 4d,b) cases. The pipe-end reﬂection amplitudes obtained in the FBE-PE-foam-coated pipe cases are very similar,
indicating the sand compaction has a minor effect on the results.
Fig. 9 presents the attenuation measurements of the T(0,1) and L(0,2) modes in the frequency domain for the FBE-PE-
foam-coated pipe buried in sand. Measurements were performed for three sand conditions: loose sand (no applied pres-
sure), intermediate compacted sand (0.5 bar applied) and compacted sand (1 bar applied pressure). Also presented in Fig. 9
are measurements from the buried FBE-coated pipe and the corresponding Disperse simulation ﬁts (see Fig. 5). A substantial
decrease in attenuation is clearly evident for both guided wave modes in the FBE-PE-foam-coated pipe. The attenuation is
found to be smaller than 1 dB m1 for the T(0,1)-mode and smaller than 0.5 dB m1 for the L(0,2)-mode. The attenuation
measured in the compacted sand case was only slightly larger than the loose sand, up to 0.3 dB m1 for the T(0,1)-mode and
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purposes, with periodic measurements performed. The attenuation values for both modes remained within 0.1 dB m1 of
the initially measured values. The estimated values of sand density for the loose and compacted cases for this pipe con-
ﬁguration were less than 1 percent different compared to those in the FBE-coated pipe conﬁguration (Table 1).
The guided wave propagation in a buried FBE-PE-foam-coated pipe systemwas simulated with the Disperse software using
the material properties given in Table 1. Fig. 10 presents the effect of internal damping of the PE-foam layer on the attenuation
of the modes in the frequency domain. The peaks occur at three frequency values within the range of 10–40 kHz, 16.6, 24.8 and
33.2 kHz, which correspond to the through-thickness resonance frequencies of the PE-foam layer and depend on the ratio of
the shear velocity to thickness of the layer (Eq. (9)). The troughs occur at frequency values equal to midway between two
consecutive through-thickness resonance frequencies of the layer. Strong frequency dependence is evident. As the internal
damping in the PE-foam layer increases, the difference between the peaks and the troughs decreases. This behaviour is
expected since material absorption depresses the through-thickness resonance phenomenon [37].
The amplitude spectra of the two end reﬂections for the torsional mode in the FBE-PE-foam-coated pipe buried in com-
pacted sand case were computed via Fourier analysis and the attenuation spectrumwas computed from Eq. (10); this is shown
in Fig. 11 along with the corresponding simulation from Disperse. The measured curve was obtained from a superposition of
measurements performed at the different central frequencies. These correspond to higher spectral resolution of the mea-
surements presented in Fig. 9a (notice the different ordinate scale). The simulation curve was calculated using the measured
acoustic properties of the PE-foam. The measured and predicted curves are qualitatively very similar with peaks occurring at
similar frequencies. The attenuation values at the peaks are somewhat different and this is probably due to inaccuracies in the
measurement of the PE-foam attenuationwhich was difﬁcult in such a low impedance, high attenuation material. The disperse
prediction for a pipe surrounded by an inﬁnite layer of PE-foam is also shown in Fig. 11. Since the inﬁnite layer has no through-
thickness resonances, this is a constant value and the experimental curve is tending towards this value at higher frequencies as
the resonances are heavily attenuated. This indicates that the pipe is increasingly decoupled from the sand; effectively,
minimisation of the inﬂuence of the sand on the attenuation behaviour was accomplished.5. Conclusions
The attenuation of the T(0,1) and L(0,2) guided wave modes has been studied in a FBE-coated pipe buried in loose and
compacted sand conditions over the frequency range commonly used in GWT of 10–35 kHz. The attenuation of the guided
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E. Leinov et al. / Journal of Sound and Vibration 363 (2016) 225–239236wave modes in buried pipes is largely due to energy leakage into the embedding sand. The thin FBE pipe coating was found
to slightly increase the attenuation of the modes compared to buried bare pipe. The large values of attenuation measured for
both guided wave modes dictate a signiﬁcant reduction of GWT test ranges for buried pipes compared with above-ground
pipes. The feasibility of ultrasonic isolation of the buried FBE-coated pipe using an additional coating layer has been
investigated. Ultrasonic isolation has been demonstrated by the application of a PE-foam coating layer between the FBE-
coated pipe and the sand. A PE-foam coating layer was selected since its impedance is smaller than that of both pipe and
sand, and due to its ability to withstand the load from the sand and the applied overburden pressure. The measured guided
wave attenuation values in the buried PE-foam-FBE-coated pipe were found to be substantially smaller than those measured
in the buried FBE-coated pipe for both loose and compacted sand conditions. The measured attenuation was found to be
0.5–1.2 dB m1 for the T(0,1) mode and 0.3–0.5 dB m1 for the L(0,2) mode in the pipe buried with the PE-foam coating,
compared to 2.8–4.7 dB m1 for the T(0,1) mode and 1.7–2.8 dB m1 for the L(0,2) mode in the pipe buried without the PE-
foam coating.
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technique. The measured values were used to model the attenuation behaviour of the modes in the buried FBE-PE-foam-
coated pipe, good agreement being found between the experimental measurements and model predictions. The torsional
mode attenuation showed periodic peaks in the frequency domain which correspond to the through-thickness resonance
frequencies of the PE-foam coating layer and depend on the ratio of the shear velocity to thickness of the layer. The
attenuation peak values depend on the attenuation in the coating layer, and decrease with increasing coating layer
attenuation.
The large reduction in guided wave attenuation of the ultrasonically isolated buried pipe due to the low impedance
coating yields a substantial increase of guided wave inspection range. The guided wave attenuation measurements can be
used to estimate the inspection pipe-length for a pipe buried in sand. Given minimum signal to coherent noise ratio of 40 dB
generated by a GWT instrument (see [12]), propagation distances for the torsional mode in a buried pipe without ultrasonic
isolation would be limited to 10 m, corresponding to a test range in a pulse-echo conﬁguration of 5 m; however, for an
ultrasonically isolated pipe the torsional mode pulse-echo test range would increase to 15–30 m.Acknowledgments
The authors gratefully acknowledge support from the UK Engineering and Physical Sciences Research Council (EPSRC) in
this work, under research Grant EP/J01284X/1 and the UK Research Centre in Nondestructive Evaluation (RCNDE). This work
was carried out in collaboration with BP Exploration Operating Company Ltd., EDF Energy, EDF R&D and Shell Global
Solutions International BV.
The authors would like to thank Dr. David Alleyne, Dr. Brian Pavlakovic and Dr. Thomas Vogt at Guided Ultrasonics Ltd.
for the loan of equipment and advice. The authors would also like to thank Mr. Leslie Clark and Mr. Bob Hewitt at the
Structures Laboratory, Deprtment of Civil and Environmental Engineering, Imperial College, for the excellent technical
support. E.L. would like to thank Mr. Tim Karaiskos for his help with the ultrasonic interferometry measurements.Supplementary material
Supporting information for this manuscript can be accessed on Zinodo at https://zenodo.org/record/33073#
(DOI:10.5281/zenodo.33073), and used under the Creative Commons Attribution licence.References
[1] D.C. Gazis, Exact analysis of the plain-strain vibrations of thick-walled hollow cylinders, Journal of the Acoustic Society of America 30 (8) (1958) 786–794,
http://dx.doi.org/10.1121/1.1909761.
[2] D.C. Gazis, Three-dimensional investigation of the propagation of waves in hollow circular cylinders. I. Analytical foundation, Journal of the Acoustic
Society of America 31 (5) (1959) 568–573, http://dx.doi.org/10.1121/1.1907753.
E. Leinov et al. / Journal of Sound and Vibration 363 (2016) 225–239238[3] I. Mirsky, Wave propagation in transversely isotropic circular cylinders part I. Theory, Journal of the Acoustic Society of America 37 (6) (1965) 1016–1021,
http://dx.doi.org/10.1121/1.1909508.
[4] J. Zemanek, An experimental and theoretical investigation of elastic wave propagation in a cylinder, Journal of the Acoustic Society of America 51 (1)
(1972) 265–283, http://dx.doi.org/10.1121/1.1912838.
[5] B.A. Auld, 2nd edition, Acoustic Fields and Waves in Solids, Vols. I and II, Krieger, Florida. ISBN: 0-89874-782-1, 1990.
[6] W. Mohr, P. Holler, On inspection of thin-walled tubes for transverse and longitudinal ﬂaws by guided ultrasonic waves, IEEE Transactions of Ultra-
sonics, Ferroelecectrics, and Frequency Control 23 (5) (1976) 369–374, http://dx.doi.org/10.1109/T-SU.1976.30893.
[7] M.G. Silk, K.F. Bainton, The propagation in metal tubing of ultrasonic wave modes equivalent to Lamb waves, Ultrasonics 17 (1) (1979) 11–19, http://dx.
doi.org/10.1016/0041-624X(79)90006-4.
[8] D.N. Alleyne, P. Cawley, The interaction of Lamb waves with defects, IEEE Transactions of Ultrasonics, Ferroelecectrics, and Frequency Control 39 (3)
(1992) 381–397, http://dx.doi.org/10.1109/58.143172.
[9] J.J. Ditri, Utilization of guided elastic waves for the characterization of circumferential cracks in hollow cylinders, Journal of the Acoustic Society of
America 96 (1994) 3769–3775, http://dx.doi.org/10.1121/1.410565.
[10] M.J.S. Lowe, D.N. Alleyne, P. Cawley, Defect detection in pipes using guided waves, Ultrasonics 36 (1998) 147–154, http://dx.doi.org/10.1016/
S0041-624X(97)00038-3).
[11] J.L. Rose, Ultrasonic Guided Waves in Solid Media, Cambridge University Press, Cambridge, 2014.
[12] D.N. Alleyne, B. Pavlakovic, M.J.S. Lowe, P. Cawley, Rapid long-range inspection of chemical plant pipework using guided waves, Insight 43 (2) (2001)
93–101. ISSN1354-2575.
[13] P. Mudge, Field application of the Teletest long-range ultrasonic testing technique, Insight 43 (2001) 74–77. ISSN1354-2575.
[14] M. Sheard, A. McNulty, Field experience of using long-range ultrasonic testing, Insight 43 (2001) 79–83. ISSN1354-2575.
[15] V.M. Nunez Ledesma, E. Perez Baruch, A. Demma, Lowe MJS, Guided wave testing of an immersed gas pipeline, Materials Evaluation 67 (2) (2009)
102–115. ISSN0025-5327.
[16] D.N. Alleyne, P. Cawley, The excitation of Lamb waves in pipes using dry-coupled piezoelectric transducers, Journal of Nondestructive Evaluation 15 (1)
(1996) 11–20, http://dx.doi.org/10.1007/BF00733822.
[17] D.N. Alleyne, M.J.S. Lowe, P. Cawley, The reﬂection of guided waves from circumferential notches in pipes, Journal of Applied Mechanics 65 (3) (1998)
635–641, http://dx.doi.org/10.1115/1.2789105.
[18] P. Cawley, Practical long range guided wave inspection – managing complexity, D.O. Thompson, D.E. Chimenti (Eds.), Rev. Prog. in Quant. Nondestruct.
Eval., vol. 22, AIP, New York2003, pp. 22–37, http://dx.doi.org/10.1063/1.1570116. AIP Conf. Proceedings vol. 657.
[19] A. Demma, P. Cawley, M.J.S. Lowe, A.G. Roosenbrand, B. Pavlakovic, The reﬂection of guided waves from notches in pipes: a guide to interpreting
corrosion measurements, NDT&E International 37 (2004) 167–180, http://dx.doi.org/10.1016/j.ndteint.2003.09.004.
[20] D.N. Alleyne, T. Vogt, P. Cawley, The choice of torsional or longitudinal excitation in guided wave pipe inspection, Insight 51 (7) (2009) 373–377, http:
//dx.doi.org/10.1784/insi.2009.51.7.373.
[21] S. Vinogradov, Magnetostricive transducer for torsional mode guided wave in pipes and plates,Materials Evaluation 67 (3) (2009) 333–334. ISSN0025-5327.
[22] H. Kwun, J.J. Hanley, A.E. Holt, Detection of corrosion in pipe using the magnetostrictive sensor technique, Proceedings of SPIE 2459: Nondestructive
Evaluation of Aging Maritime Applications http://dx.doi.org/10.1117/12.212549.
[23] E. Leinov, M.J.S. Lowe, P. Cawley, Investigation of guided wave propagation and attenuation in pipe buried in sand, Journal of Sound & Vibration 347
(2015) 96–114, http://dx.doi.org/10.1016/j.jsv.2015.02.036.
[24] L.M. Brekhovskikh, Waves in Layered Media, 2nd edition, Academic Press, New York. ISBN: 0-12-130560-0, 1980.
[25] A.H. Nayfeh, The propagation of horizontally polarized shear waves in multilayered anisotropic media, Journal of the Acoustic Society of America 86 (5)
(1989) 2007–2012, http://dx.doi.org/10.1121/1.398580.
[26] A.H. Nayfeh, P.B. Nagy, General study of axisymmetric waves in layered anisotropic ﬁbres and their composites, Journal of the Acoustic Society of
America 99 (2) (1996) 931–941, http://dx.doi.org/10.1121/1.414621.
[27] M.J.S. Lowe, Matrix techniques for modelling ultrasonic waves in multi-layered media, IEEE Transactions Ultrasonics, Ferroelec., Freq. Control 42 (4)
(1995) 525–542, http://dx.doi.org/10.1109/58.393096.
[28] B. Pavlakovic, M.J.S. Lowe, D. Alleyne, P. Cawley, Disperse: a general purpose program for creating dispersion curves, D.O. Thompson, D.E. Chimenti
(Eds.), Rev. Prog. in Quant. Nondestruct. Eval, 16A, Springer, New York1997, pp. 185–192, http://dx.doi.org/10.1007/978-1-4615-5947-4_24.
[29] B.N. Pavlakovic, M.J.S. Lowe, P. Cawley, High-frequency low-loss ultrasonic modes in imbedded bars, Journal of Applied Mechanics 68 (2001) 67–75,
http://dx.doi.org/10.1115/1.1347995.
[30] M.D. Beard, M.J.S. Lowe, Non-destructive testing of rock bolts using guided ultrasonic waves, International Journal of Rock Mechanics & Mining Science
40 (2003) 527–536, http://dx.doi.org/10.1016/S1365-1609(03)00027-3.
[31] M.D. Beard, M.J.S. Lowe, P. Cawley, Ultrasonic guided waves for inspection of grouted tendons and bolts, Journal of Materials in Civil Engineering 15 (3)
(2003) 212–218, http://dx.doi.org/10.1061/(ASCE)0899-1561(2003)15:3(212).
[32] R. Long, T. Vogt, M.J.S. Lowe, P. Cawley, Measurement of acoustic properties of near-surface soils using an ultrasonic waveguide, Geophysics 69 (2)
(2003) 460–465, http://dx.doi.org/10.1190/1.1707065.
[33] T. Vogt, M. Lowe, P. Cawley, The scattering of guided waves in partly embedded cylindrical structures, Journal of the Acoustic Society of America 113 (3)
(2003) 1258–1272, http://dx.doi.org/10.1121/1.1553463.
[34] T. Vogt, M. Lowe, P. Cawley, Cure monitoring using ultrasonic guided waves in wires, Journal of the Acoustic Society of America 114 (3) (2003) 1303–1313,
http://dx.doi.org/10.1121/1.1589751.
[35] C.W. Chan, P. Cawley, Lamb wave in highly attenuative plastic plates, Journal of the Acoustic Society of America 104 (2) (1998) 874–881, http://dx.doi.
org/10.1121/1.423332.
[36] F. Simonetti, P. Cawley, A guided wave technique for the characterization of highly attenuative viscoelastic materials, Journal of the Acoustic Society of
America 114 (1) (2003) 158–165, http://dx.doi.org/10.1121/1.1575749.
[37] F. Simonetti, P. Cawley, On the nature of shear horizontal wave propagation in elastic plates coated with viscoelastic materials, Proceedings of the Royal
Society of London A 460 (2004) 2197–2221, http://dx.doi.org/10.1098/rspa.2004.1284.
[38] F. Simonetti, Lamb waves propagation in elastic plates coated with viscoelastic materials, Journal of the Acoustic Society of America 115 (5) (2004)
2041–2053, http://dx.doi.org/10.1121/1.1695011.
[39] A. Bernard, M.J.S. Lowe, M. Deschamps, Guided waves energy velocity in absorbing and non-absorbing plates, Journal of the Acoustic Society of America
110 (1) (2001) 186–196, http://dx.doi.org/10.1121/1.1375845.
[40] J.N. Barshinger, J.L. Rose, Guided wave propagation in elastic hollow cylinder coated with a viscoelastic material, IEEE Transactions of the Ultrasonics,
Ferroelec., Freq. Control 51 (11) (2004) 1547–1556, http://dx.doi.org/10.1109/TUFFC.2004.1367496.
[41] J. Ma, F. Simonetti, M.J.S. Lowe, Scattering of the fundamental torsional mode by an axisymmetric layer inside a pipe, Journal of the Acoustic Society of
America 120 (4) (2006) 1871–1880, http://dx.doi.org/10.1121/1.2336750.
[42] W. Luo, J.L. Rose, Phased array focusing with guided waves in a viscoelastic coated hollow cylinder, Journal of the Acoustic Society of America 121 (4)
(2007) 1945–1955, http://dx.doi.org/10.1121/1.2711145.
[43] J. Mu, J.L. Rose, Guided wave propagation and mode differentiation in hollow cylinders with viscoelastic coatings, Journal of the Acoustic Society of
America 124 (2) (2008) 866–874, http://dx.doi.org/10.1121/1. 2940586.
[44] R. Kirby, Z. Zlatev, P. Mudge, On the scattering of torsional elastic waves from axisymmetric defects in coated pipes, Journal of Sound & Vibration 331
(17) (2012) 3989–4004, http://dx.doi.org/10.1016/j.jsv.2012.04.013.
E. Leinov et al. / Journal of Sound and Vibration 363 (2016) 225–239 239[45] R. Kirby, Z. Zlatev, P. Mudge, On the scattering of longitudinal elastic waves from axisymmetric defects in coated pipes, Journal of Sound & Vibration
332 (20) (2013) 5040–5058, http://dx.doi.org/10.1016/j.jsv.2013.04.039.
[46] J. Hua, J. Mu, J.L. Rose, Guided wave propagation in single and double layer hollow cylinders embedded in inﬁnite media, Journal of the Acoustic Society
of America 129 (2) (2011) 691–700, http://dx.doi.org/10.1121/1.3531807.
[47] J. Hua, J. Mu, J.L. Rose, Guided wave propagation and focusing in multi-layer pipe with viscoelastic coating and inﬁnite soil media, Materials Evaluation
71 (3) (2013) 369–377. ISSN0025-5327.
[48] M. Castaings, M.J.S. Lowe, Finite element model for waves guided along solid systems of arbitrary section coupled to inﬁnite solid media, Journal of the
Acoustic Society of America 123 (2) (2008) 696–708, http://dx.doi.org/10.1121/1. 2821973.
[49] H. Kwun, S.Y. Kim, M.S. Choi, S.M. Walker, Torsional guided-wave attenuation in coal-tar-enamel-coated, buried piping, NDT&E International 37 (2004)
663–665, http://dx.doi.org/10.1016/j.ndteint.2004.05.003.
[50] Leinov E., Cawley P., Lowe M.J.S. 2014 Investigation of guided waves propagation in pipe buried in sand. In Proceedings of the 40th Annual Review Prog.
in Quant. Nondestruct. Eval. (ed. Chimenti DE, LJ Bond & Thompson DO), vol. 33A, 271-278, AIP Conf. Proceeding vol. 1581, New York: AIP. (http://dx.
doi.org/10.1063/1.4864830).
[51] D. Royer, E. Dieulesaint, Elastic Waves in Solids I. Free and Guided propagation, Springer-Verlag, Berlin. ISBN: 3-540-65932-3, 2000, 321–331.
[52] N.C. Nicholson, W.N. McDicken, Mode propagation of ultrasound in hollow waveguides, Ultrasonics 29 (1991) 411–416, http://dx.doi.org/10.1016/
0041-624X(91)90094-O.
[53] J.C. Santamarina, K.A. Klein, M.A. Fam, Soils and waves, Wiley, Chichester. ISBN: 0-471-49058-X, 2001.
[54] M.A. Biot, Theory of propagation of elastic waves in a ﬂuid-saturated porous solid. I. Low-frequency range, Journal of the Acoustic Society of America 28
(2) (1956) 168–178, http://dx.doi.org/10.1121/1.1908239.
[55] M.A. Biot, Theory of propagation of elastic waves in a ﬂuid-saturated porous solid. II. Higher frequency range, Journal of the Acoustic Society of America
28 (2) (1956) 179–191, http://dx.doi.org/10.1121/1.1908241.
[56] R.D. Stoll, G.M. Bryan, Wave attenuation in saturated sediments, Journal of the Acoustic Society of America 47 (5) (1970) 1440–1447, http://dx.doi.org/
10.1121/1.1912054.
[57] P. Nagy, L. Adler, B.P. Bonner, Slow wave propagation in air-ﬁlled porous materials and natural rocks, Applied Physics Letter 56 (1990) 2504–2506, http:
//dx.doi.org/10.1063/1.102872.
[58] K. Attenborough, On the acoustic slow wave in air-ﬁlled granular media, Journal of the Acoustic Society of America 81 (1) (1987) 93–102, http://dx.doi.
org/10.1121/1.394938.
[59] F. Simonetti, P. Cawley, Ultrasonic interferometry for the measurement of shear velocity and attenuation in viscoelastic solids, Journal of the Acoustic
Society of America 115 (1) (2004) 157–164, http://dx.doi.org/10.1121/1.1631944.
